ABSTRACT This paper addresses the problem of phase and speed synchronization control of multiexciters in vibration system considering material influence. Aiming at the synchronous control problem of the exciters, first, the dynamic model of the vibration system excited by multi-exciters considering the force of material is established. Considering the existence of coupling dynamics characteristic between adjacent exciters, an accurate controller combined with adjacent cross-coupling control (ACCC) strategy and an adaptive global sliding mode algorithm (AGSMC) is proposed to control the vibration system. The stability of the ACCC strategy controller is verified through the Lyapunov stability theorem. The ACCC strategy controller proposed in this paper is compared with the master-slave strategy controller by a numerical method. The results show that the proposed ACCC strategy and the AGSMC algorithm controller can reduce speed overshoot during the start-up phase of the induction motor and the chattering when the speed is stable, and improve the control accuracy. The ACCC strategy controller controls the multi-exciters in the vibration system considering the nonlinear force of material, so that the zero phase difference between adjacent exciters moves synchronously. Finally, in the vibration system, the influence of tracking speed and parameter error on the ACCC strategy controller is discussed. It shows that the ACCC strategy controller is robust to system parameter variation and error-disturbance.
I. INTRODUCTION
The application of synchronization theory is widely distributed in various industries. Researchers in different fields have a deep interest in the study of synchronization theory [1] - [4] . Vibration synchronous theory development of rigid gear transmission and flexible chain drive to the self-synchronization of two eccentric rotors. The selfsynchronization of vibration systems and its applications were first proposed by Blekhman [5] - [7] . Wen et al. [8] , [9] has extensively expanded and applied the theory of vibration synchronization, opened up new fields of vibration utilization engineering and achieved important results. Zhang et al. [10] in the two eccentric rotor driven far resonance system, The associate editor coordinating the review of this manuscript and approving it for publication was Haiquan Zhao. the vibration synchronous transmission through dry friction contact between the roller and the cavity is studied, and verified the reliability of the theory through numerical simulation and experiment. In order to increase the output and power of vibrating machinery, many researchers have studied the simultaneous transition from two exciters to the synchronization of multiple exciters. Balthazar et al. [11] discussed self-synchronization theory of four exciters by numerical simulation. Zhang et al. [12] studied the phase and speed self-synchronous of three non-identical homodromy exciters in the far-resonant vibration system. With the number increases of exciters, the speed and phase synchronous motion of the multi-vibrator is difficult to achieve by the selfsynchronization method [8] , [9] , [13] . Synchronous motion of the speed and phase of multiple exciters in a vibrating mechanical system can be achieved by using control theory.
In the researches and applications of many control systems, sliding mode control (SMC) algorithm has been widely used to improve robustness of control systems [14] - [18] . Sun [19] achieved position synchronization by controlling the feedback position error of multiple motion axes by crosscoupling and adaptive methods. Sun et al. [20] proposed a new model-free cross-coupling control system for multiaxis position synchronization and realized multi-axis synchronous motion by controlling the position synchronization error between adjacent axes. Zhao et al. [21] proposed a new adjacent cross-coupling control method for multiple induction motors during speed acceleration and load variation, and achieved speed synchronization by controlling the speed error of multiple motors. Chen and Chen [22] used crosscoupling synchronous control to accurately control multiaxis motion to achieve multi-axis position synchronization. Zhang et al. [23] used a nonlinear control method to adjust the reference torque to achieve chaotic speed control of multiple induction motors. Cheng et al. [24] identified the uncertainty in multi-axis synchronous motion systems by adaptive robust control to achieve precise control of multiaxis synchronous motion. Zhong et al. [25] compensated the friction in multi-axis motion systems by adaptive method, and used global sliding mode control algorithm to accurately control multi-axis position synchronization. However, no control synchronization studies on multiple asynchronous motors in a vibrating system have been found from the above studies. Huang et al. [26] conducted a synchronous study through two reverse-rotating vibration exciters in a vibrating mechanical system by cross-coupling control strategy and adaptive global sliding mode algorithm. However, the cross-coupling control strategy is too complicated in multi-motor control, so it is not suitable for synchronous control of multi-exciters. Kong et al. [27] , [28] studied synchronization control of three exciters and four exciters in a linear vibration system by master-slave control strategy and adaptive global sliding mode algorithm. The master-slave control strategy used in the study did not consider the coupling dynamics characteristic between exciters. In order to study theory of synchronization of multiple exciters more in line with the actual working conditions, the synchronous theoretical study of vibrating machinery excited by multiple exciters should consider the influence of materials on the vibration system [8] , [9] , [29] . However, no related research has been found.
Motivated by the above observations, in this paper, a new electromechanical coupling model of nonlinear vibrating machinery-material system excited by multi-exciter is established. A controller combining adjacent cross-coupling control strategy and adaptive global sliding mode algorithm is proposed for the nonlinear vibration system synchronization problem. The main contributions of this paper can be summarized as follows: 1) In order to better analyze the vibration system under the excitation of multiple exciters in accordance with the actual working conditions, the influence of materials on the synchronous performance is considered in the study of synchronous motion. A new mathematical model of nonlinear vibration machinery-material system excited by multi-exciter is established.
2) The adjacent cross-coupling control strategy in this paper considers the cross-coupling characteristics between adjacent exciters and reduces the complexity of the control system. The adaptive global sliding mode algorithm can obtain the robustness of the whole process and improve the synchronization control accuracy.
3) The stability of the control system is proved by Lyapunov's theorem. The numerical simulation method is used to further verify the effectiveness of the controller to control the nonlinear vibration machinerymaterial system, and improve the synchronization performance and control precision. The remainder of this paper is organized as follows. In the second section, dynamic model of multi-exciters excited vibration system which considering force of material is derived. In the third and fourth sections, considering the existence of coupling dynamics characteristic between the multi-exciters in the nonlinear vibration system, a controller combining ACCC strategy and AGSMC algorithm is established. The stability of proposed ACCC controller is theoretically proved. In Section 5, the effectiveness of the proposed ACCC controller is further verified by comparison with other literature. The control of the vibration system considering the influence of material by the ACCC controller illustrates the advantages of the controller and the system's dynamic characteristics. Finally, the robustness of the controller is proved by analyzing the influence of parameter variation on the ACCC controller in the nonlinear vibration system. Fig. 1 presents mathematic model excited by multi-exciters in vibration system considering material influence. The coordinates are taken from the centroid of the vibration system driven by the multi-exciters. When the speeds and phases of the multi-exciters in the nonlinear vibration system VOLUME 7, 2019 are respectively the same, the exciters 1 and 2, 3 and 4 respectively cancel the forces in direction, and the forces in direction are mutually superimposed, at this time the system realizes a linear vibration trajectory in the y direction. and is material nonlinear force on vibrating body.
II. ANALYTICAL MODELING OF VIBRATION SYSTEMS
The differential equations of multi-exciters driving nonlinear vibration systems are established by Lagrangian method:
where generalized coordinates of nonlinear vibration system driven by multi-vibration exciters q = (x, y, ψ, ϕ 1 , ϕ 2 , · · ·, ϕ p+q ); the generalized force of nonlinear vibration system driven by multi-exciters
there is:
where
Differential equations of nonlinear vibration system driven by multi-exciters can be obtained:
In Eq. (5), M and J is mass and moment of inertia of vibration system, M = m + m 1 + . . . + m p+q + k w m w , m the mass of vibrating body, m j the mass of exciters, Set m j= m 0 , k w as material binding coefficient [14] , m w the mass of the material. J are the moment of inertia. J j and f j (j = 1, 2, . . . , p + q) is the moment of inertia and damping of multiple induction motors, T ej and T Li (j = 1, 2, . . . , p + q), is electromagnetic torque and load torque of multiple induction motors. In Eq. (5),F m (ẍ,ẋ, x, t) and F m (ÿ,ẏ, y, t) are nonlinear force acting on vibration body in x and y direction can be expressed as [8] , which is presented in Eq. (6-7). In Eq. (6-7) ϕ d is the vibrational phase angle when the material starts to be thrown. ϕ z is the vibration phase angle that the material falls back on the surface of the body after the material was thrown up again. ϕ is the vibration phase angle when the material begins to slide on the work surface.ẏ m is the vertical speed when the material falls.ẏ z is the vertical dividing speed of the working body when the material falls.
t is the time of the material drop impact on the vibration body, ϕ = ω t, because the material drop impact time is much less than the vibration cycle of the system, it is desirable that ϕ → 0. The acting force of the material is expanded into first harmonic force Fourier coefficient according to the Fourier series, the harmonic forces more than twice are less affect so ignored. Suppose the first approximate solution of the equation is:
In Eq. (9), set α x = α y , because ϕ x = ϕ y = ϕ, we can obtained:
When the friction in the x direction is small, a 1x , b 1x is close to zero, and they are both negligible compared with a 1y and b 1y . When the frictional force in x direction is large, the speed in x direction after material falls is changed to the speed in the x direction of the working body. At this time, the material has no relative sliding. when the material falling the impact force in the x direction can be calculated according to the momentum impulse principle. The available Fourier coefficient is:
− sin ϕ cos ϕdϕ
. In nonlinear vibration system driven by multi-exciter, in the rotor magnetic field direction coordinate system the mathematical model of the induction motor in Eq. (5) can be expressed as [30] :
The electromagnetic torque equations of multiple induction motors are:
Bringing Eq. (13) into Eq. (5), the system can achieve synchronous motion by controlling the output torque of multiple induction motors in vibration system considering influence of materials. When phase and speed of the multiple induction motors are synchronized, the system can only realize the linear vibration trajectory in y direction. Hence, synchronous control problem of the vibration system considering the material influence is transformed into the speed and phase synchronization control problem of the multi-exciters driven by the induction motor with nonlinear load torque. The equation of state can be simplified as:
In Eq. (14),
is the input torque current of induction motors j, j = 1, 2, . . . , p + q. Eq. (14) can be written as:
Time-varying interference uncertain items in Eq. (15):
III. ADJACENT CROSS-COUPLING CONTROL STRATEGY OF NONLINEAR VIBRATION SYSTEM
When ensuring the control accuracy of multi-motor synchronous control, at the same time it should also reduce the complexity of control system. Adjacent cross-coupling control is a control idea based on the minimum number of relevant axes. Using ACCC strategy to control multiple induction motors, two adjacent motors in multiple motors can be coupled to form a coupling loop, that is, considering the cross-coupling characteristics of two adjacent motors and reduces complexity of control system. The ACCC strategy is used to control the phase difference and speed of multiple induction motors, so that to achieve synchronous motion of multi-exciters. Firstly, the speed and phase tracking error of the j-th motor are defined as:
, where ω j (t) and ω d (t) is the actual output speed and the reference speed of the j-th motor. The tracking error of induction motor in nonlinear vibration system should satisfy:
Synchronous error compensation is only performed between two adjacent exciters. When a exciter is disturbed to cause a change in speed and phase during system operation, it will be a synchronization error between the exciter and the two adjacent exciters. In adjacent cross-coupling control strategy, the feedback of these two parts of the synchronization error will be generated for the adjacent motor and the disturbed motor by the compensation module. There is synchronization error for the multiple motors in the system:
If there are ν j (t) = 0 andν j (t) = 0 (j = 1, 2, . . . , p + q), then Eq. (16) is established, it can realize the synchronous control target of multiple motors in the system. Define the phase coupling error of the motor ν * j (t) and the speed coupling error of the motorν * j (t) here:
When the conditions ν * j (t) = 0 andν * j (t) = 0 (j = 1, 2, . . . , p + q) are satisfied, there are ν 1 (t) = ν 2 (t) = · · · = ν p+q (t) andν 1 (t) =ν 2 (t) = · · · =ν p+q (t), furthermore there are e 1 (t) = e 2 (t) = · · · = e p+q (t) = 0 andė 1 (t) = · · · =ė p+q (t) = 0. Therefore, when ν * j (t) andν * j (t) converges to zero, the synchronization between adjacent motors can be realized. The block diagram of the ACCC for the multi-exciters in the system is shown in Fig. 2 . The nonlinear vibration system in the figure includes two parts: vibrating body-material and multi-exciters. The vibrating machinery-material system provides non-linear torque to multiple induction motors, while multi-exciters provide exciting forces to the vibrating mechanical-material system. The ACCC strategy includes two parts: tracking error and synchronization error. 
IV. ADJACENT CROSS-COUPLING CONTROL
Adjacent cross-coupling controllers for nonlinear vibration systems are designed as two parts: tracking error and synchronization error.
A. MATHEMATICAL MODEL OF TRACKING ERROR OF MULTIPLE MOTORS IN THE SYSTEM
The mechanical equation for tracking error based on adjacent cross-coupling control strategy is:
Set uncertain items W j (t) ≤ σ j (j = 1, 2, . . . , p + q). Tracking error global sliding variable is:
In Eq. (20) α j and κ j are positive constants. The full sliding mode factor F(t) has first order derivative, and lim t→∞ F j (t) = 0. When the above conditions are met:
where λ is a very small positive constants, Base on Eq. (19)-(21), after deriving for S j , it can be rewritten as:
Design equivalent input as:
Design robust controller as:
The tracking error controllers of the multiple motors in the system are obtained by Eq. (23) and Eq. (24):
B. STABILITY AND EFFECTIVENESS ANALYSIS 1
Theorem 1: Given that ε j > σ j (j = 1, 2, . . . , p + q) is established, the tracking error controller Eq. (25) of the multiple motors in the system can limit the speed and phase tracking error trajectory to tracking error sliding surface, and system is gradually stable.
Proof 1:
After deriving for Eq. (26), we can obtain:
If ε j > σ j ,V T 1 < 0 can be obtained. Therefore, the global sliding mode controller for speed and phase tracking error can meet the reachable condition and maintain the state of system on sliding surface. Therefore, lim t→∞ s j (t) = 0 is satisfied. Substituting lim t→∞ s j (t) = 0 into Eq. (20) and we can obtain the derivative as:
Since α j and κ j are positive constants, the equations satisfy Hurwitz condition. lim t→∞ e j (t) = 0 and there is lim t→∞ė j (t) = 0 (j = 1, 2, . . . , p + q).
C. MATHEMATICAL MODEL OF SYNCHRONIZATION ERROR OF MULTIPLE MOTORS IN THE SYSTEM
Based on the adjacent cross-coupling control strategy, the mathematical model of phase and speed synchronization error of multiple induction motors can be designed as follows. The phase and speed synchronization error sliding surface of induction motor j (j = 1, 2, . . . , p + q) is:
Base on Eq. (20) and (29), there is:
In which S j (t) represents the phase and speed tracking error sliding surface of induction motor j in the nonlinear vibration system. The phase and speed synchronization error control law of induction motor j (j = 1, 2, . . . , p + q) in nonlinear vibration system is designed as follows:
B mj u j−1 (t) (31)
D. STABILITY AND ERRECTIVENESS ANALYSIS 2
Theorem 2: If ε j > σ j (j = 1, 2, . . . , p + q) is established, the speed and phase synchronization error controllers of multiple induction motors in nonlinear vibration system can be stabilized on the sliding surface under the control rate Eq. (31), so the system is progressively stable.
Proof 2: Base on the Eq. (30), there is:
Since the phase and speed tracking error controller Eq. (25) of induction motor j, j + 1 and j − 1 in the nonlinear vibration system is established, then Eq. (33) is established.
Therefore, the adjacent cross-coupling control algorithm aiming at nonlinear vibration system can make the system reach a steady state, that is, the tracking error and synchronization error of rotation speed and phase both approach zero. Eq. (34) is called global sliding mode adjacent cross-coupling controller.
B mj u j−1 (t) (34)
E. AGSMC DESIGN AND STABILITY ANALYSIS
Due to the highly nonlinear and time-varying nature of the system, the nonlinear time-varying load torque subjected by exciters is difficult to determine. Therefore, using the adaptive method to adjust the switching gain ε j (j = 1, 2, . . . , p + q) can get better control effect, the design ε j is as follows:
where γ j is a positive value.ε j are positive constant, hence estimated errorε j can be obtained:
According to the Lyapunov function, there is:
Perform derivation calculus of Eq. (37). there is:
When theε j > σ j is satisfied, there isV T 2 ≤ 0. According to Lyapunov theory, asymptotic stability is achieved by a control system combining adjacent cross-coupling control strategy and AGSMC algorithm. The modified adaptive switch gain is obtained as [31] :
where:
where η j and δ j are designed as small positive constants. The proposed ACCC controller uses the saturation function sat (s j ) instead of the symbol function sgn (s j ) to better suppress the chattering phenomenon.
where z is a value greater than zero which is very small, and the modified adjacent cross-coupling controller is as follows:
V. RESULTS AND DISCUSSION
In the previous section, dynamic model of nonlinear vibration system excited by the multi-exciters is introduced, and the dynamic equation is obtained by the Lagrangian method. A controller consisting of adjacent cross-coupling control strategy and AGSMC algorithm is proposed for nonlinear vibration systems. In this section, four reverserotation exciters are used as an example for analysis, the proposed ACCC controller is simulated by MATLAB/Simulink. For vibration mechanical system, results of the proposed adjacent cross-coupling controller and the master-slave controller are discussed respectively, and the effectiveness of the adjacent cross-coupling controller and the advantages of controlling vibration system are verified. Then, the adjacent cross-coupling controller is used to control nonlinear vibration system to illustrate vibration characteristics of the nonlinear vibration system. Finally, the influence of parameter variation of nonlinear vibration system on the control system is discussed and analyzed to reflect robustness of the proposed adjacent cross-coupling controller to control nonlinear vibration system. The relevant parameters of vibration system, the four induction motors and control system are listed in Tables 1 and 2 , respectively. Each asynchronous motor control block diagram shown in Fig. 3 .
A. VALIDITY STUDY OF ACCC CONTROLLER
In order to prove the synchronization control accuracy of the ACCC strategy controller for the nonlinear vibration system, the controller using the proposed ACCC strategy under the same conditions and parameters is compared with the literature [28] . The result is shown in Fig. 4 , Fig. 4 (a-b) shows speed and phase difference in [28], Fig. 4.(c-d) shows the simulation analysis of vibration system in this paper that does not consider the influence of materials. As shown in Fig. 4(a) and (c) the comparison between two controllers, it can be seen that [28] has overshoot in the speed during the starting phase of the vibration system, in Fig. 4(c) , the controller proposed in this paper can make the speed of four induction motors start smoothly and run without speed overshoot. The vibration amplitude of the four induction motors is smaller after speed stabilization. Compare the phase differences of the four asynchronous motors in Fig. 4(b) and (d), it can be seen that synchronization error of the four induction motors in the starting phase varies greatly in [28] . The controller proposed in this paper controls the phase difference of the four induction motors in the starting phase smaller than [28], the phase difference is gradually stabilized after the vibration system is stabilized and has been fluctuating around zero. Therefore, this paper proposes the ACCC strategy controller which has high control accuracy and can improve synchronization performance. The following ACCC controller is used to control four exciters in vibration system considering the influence of materials. To compare the impact of materials on the system, the results of simulation analysis are shown in Fig. 5 . Fig. 5(a-b) show the response and load torque without the action of materials, and Fig. 5(c-d) show the response and load torque when considering the action of materials. Fig. 5(a)and(c) show that under the action of the control system, the vibration system is stable in y direction of vibration, and vibration in x direction is negligible.
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Comparing Fig. 5(a) and Fig. 5(c) , it is shown that the amplitude of y direction decreases and migrates under nonlinear force of material. It is indicated that the four induction motor-driven vibration systems can realize the linear vibration trajectory in y direction under control of the ACCC controller. Fig. 5(b) show the time-varying load moment of an induction motor in a vibrating system without considering effects of material. Comparing the partial enlarged view in Fig. 5(b) and Fig. 5(d) , the vibration system under the effect of material, and the load torque received by the system is changed from sinusoidal wave excitation to multi frequency wave excitation. It can be seen from the above analysis that because the ACCC controller considered both tracking error and adjacent motors' synchronization error in control process, so that the vibration system that considers the material influence can be effectively controlled to achieve the required linear vibration trajectory. The ACCC controller proposed for the nonlinear vibration system improves the control precision and reduces the complexity of the control system reasonably.
B. EFFECT OF PARAMERER VARIATION IN NONLINEAR VIBRATION SYSTEM
The controller of nonlinear vibration system is given in shows the ACCC controller controlling the speed and phase difference of four mutually interacting exciters in a nonlinear vibration system. It can be seen that the speed of four induction motors changes rapidly when tracking speed changes in the 5-th second, and is quickly stabilized at 50 rad/s after a small amplitude fluctuation. The phase difference curve between the four induction motors is still near zero after oscillating at 5-th second. The ACCC controller is capable of controlling the multi-exciter coupled nonlinear vibration system to maintain a synchronized state as the tracking speed changes. The response of the system can be seen in Fig. 6(c-d) , where the amplitude of system in y direction continues to stabilize after a slight fluctuation. After the speed is reduced to 50 rad/s, the system is still in synchronized state, therefore, in the case of super-far resonance, the excitation point is shifted to the left while the amplitude of the system amplitude increases. There is almost no change in the amplitude of the x direction, and the influence of the swinging motion in ψ direction is small. Fig. 7(a-b) shows that the nonlinear load torque jumps when the speed changes, and the output torque follows the nonlinear load torque correspondingly. Through the control analysis of the system with the speed jump, it can be seen that the proposed ACCC controller has strong robustness to suppress the change of the tracking speed, and can solve multi-exciter coupling problem and nonlinear load problem when tracking speed changes. Because in the actual project, there are some unavoidable errors in the exciter such as the mass deviation of the exciter and the installation error and so on. This requires analyzing the influence of the vibration of the exciter's error on the performance of the ACCC controller. First, we discuss the influence of the deviation of the mass of the exciter, the mass of the four exciters is set to m 1 = m 2 = 3.5kg, m 3 = m 4 = 4.5kg. The performance of the ACCC controller for nonlinear vibration system is shown in Fig. 8 . Fig. 8(a-b) shows that the rotation speed fluctuates very little in both the start-up phase and the steady-state phase. The phase difference between the four exciters is little affected by the mass deviation and remains stable near zero. It shows that under the control of ACCC controllers, the four reverse rotation exciters have better synchronization effect and are always in the synchronous state. Fig. 8(c-d) shows the vibration response of the x, y, ψ direction, the ACCC controller suppresses the influence of the mass deviation of the exciter, produces a stable linear vibration trajectory in y direction, and eliminates x-direction vibration and the direction swinging motion. The following is analysis of the influence of the installation error of the exciter l 1 = l 2 = 0.45m, l 3 = l 4 = 0.55m, and the other parameters remain unchanged. As shown in Fig. 9(a-b) , speed and phase of the four exciters are in a synchronous motion state. As shown in Fig. 9(c-d) , nonlinear system can still form an effective linear vibration trajectory in y direction, eliminating motion in other directions. As can be seen that the discussion of the mass deviation and installation error of the exciters, the ACCC controller can control the four exciters in the system to achieve synchronous motion under the above interference conditions, and has good robustness. This is consistent with the previous theoretical analysis in which the exciter 1 and the exciter 4 are rotated counterclockwise in the VOLUME 7, 2019 four exciters, and the exciter 2 and the exciter 3 are rotated clockwise. The exciters of the reverse rotation cancels each other's force in x direction and superimposes the force in y direction. When speed and phase of the four exciters are in a synchronized state, a stable linear vibration trajectory is generated in the y direction, vibration in the x-direction and swinging motion in direction are eliminated. In summary, the ACCC controller proposed aiming to the vibration system considering the influence of materials can suppress the influence of parameter changes on the synchronization performance of the system, and has strong robustness. The ACCC controller controls the nonlinear vibration system with good control performance and improved control accuracy.
VI. CONCLUSION
In this paper, the phase and speed synchronization control of multi-exciters rotating in opposite directions in the vibration system considering the influence of materials are studied. The dynamic model of nonlinear vibration systems excited by multi-exciters is established. Aiming at the synchronous control problem of multi-exciters rotating in opposite directions, a controller combining ACCC strategy and AGSMC algorithm is proposed. The stability of the proposed ACCC controller is proved by Lyapunov's theorem. The MATLAB/Simulink simulation results further verify the effectiveness of the controller. The results show that, the proposed ACCC strategy controller reduces the speed overshoot phenomenon and significantly reduces the chattering. It is indicated that the ACCC controller proposed for the nonlinear vibration system can improve the accuracy of synchronous motion of multi-exciters. In the nonlinear vibration system, by analyzing the influence of tracking speed and parameter error on the ACCC controller, it is verified that the ACCC controller is robust to system parameter variation and error disturbance. The proposed ACCC controller considers the coupling effect between adjacent exciters, and reduces the complexity of the controller reasonably, and can effectively control the stable operation of the multi-exciters to realize the linear vibration trajectory. This paper establishes a dynamic model that is more in line with the actual working conditions and proposes a high-precision ACCC controller, which provides a theoretical basis for accurate study of multi-exciter coupled vibration system. Future work will address: 1) Research on synchronous control theory of vibrating mechanical material system under nonlinear support conditions. 2) The composite synchronous method combining vibration synchronization and control synchronization method is used to study the nonlinear vibration mechanical material system. 3) The control synchronization theory method of multi-machine driven vibrating mechanical material system under near resonance, subresonance and sharp resonance conditions.
[28] X. Kong 
